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Abstract 
 
A relatively new titanium alloy, nominally β-21S or Timetal 21S (Ti-15 Mo-3 Nb-3 Al- 0.2 Si), 
is a seen as a viable material for the design of advanced titanium composites due to its improved 
oxidation, strength and creep resistance. Dr. Michael Bermingham is presently working with a 
confidential manufacturer to assess the suitability of the alloy, for aerospace engine exhaust 
applications, at typical operating temperatures between 250-600°C. However, the metallurgical 
stability or ageing response of this alloy over such a temperature range has not previously been 
studied in depth.  
 
This body of work therefore aims to characterise changes in the microstructure and mechanical 
properties of the β-21S alloy during low temperature isothermal ageing at 300 and 450°C, 
representing typical operating temperatures. Optical microscopy, scanning electron microscopy 
and microhardness techniques were employed for discrete ageing times up to 9days.  
 
Analysis of microhardness testing data suggested that the ageing behaviour of the alloy was 
significantly different across the two experimental temperatures. In the case of the 450°C aged 
samples, a severe rate of hardening was observed after an incubation period of 60mins with a 
peak hardness of 491Hv (σy ≈1473MPa) obtained at 72hours. This represents a 71% increase 
when compared to the as received, solution treated sample. In comparison, an incubation period 
of up to 8hrs was noted at 300°C, with a peak hardness of 405Hv (σy ≈1215MPa) obtained at 
9days. There was no evidence of over-ageing.  
 
The hardness of the alloy is dependent on the decomposition of the β phase into fine 
intragranular α phase particles which prevent the movement of dislocations or crystallographic 
defects causing plastic deformation. Ageing of the alloy at 450°C results in fine dispersions of 
α nucleated within the centre of the grains which rapidly grow towards the grain boundaries 
over time. There is a fine layer of grain boundary α and adjacent precipitate free zone. The 
precipitates exhibit a lenticular morphology after 8hrs which coarsens over time as larger 
particles grow preferentially to smaller ones. At 300°C, growth of the equilibrium α phase is 
relatively slow due to insufficient thermal activation energy, meaning small atomic mobility 
and diffusion rate. It is hypothesised that an intermediate phase, ω or β’, may have first formed. 
These nano-sized transitional phase precipitates serve as precursors for the nucleation of α 
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platelets where there is insufficient thermal energy for direct decomposition of the β phase to 
equilibrium α.  
 
Rapid increases in the hardness of the alloy, due to the nucleation of fine precipitates, are 
intrinsically proportional to reductions in the ductility. Embrittlement and cracking may 
therefore be increasing likely at temperatures around 450°C, as well as at 300°C where the alloy 
is exposed to longer ageing periods.  
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Chapter 1 
 
Introduction 
 
1.1 Research Motivation 
 
β-21S, or Timetal 21S, is a relatively new titanium alloy (Ti-15 Mo-3 Nb-3 Al- 0.2 Si) designed 
for high temperature applications due to its improved oxidation, strength and creep resistance. 
Commercial applications in forgings include aerospace ducts, engines, plugs and nozzle 
assemblies (Wanhill & Barter, 2012). Dr. Michael Bermingham is currently working with a 
confidential manufacturer to assess the suitability of the solution treated material, for engine 
exhaust applications, at typical operating temperatures between 250-600°C. Currently, there 
exists little to no knowledge in the public domain regarding the metallurgical stability or ageing 
response of this alloy over such a temperature range.    
 
1.1.1 Intended Thesis Contribution 
 
This body of work is intended to fill the hole in existing knowledge, whereby, the 
microstructure and mechanical properties of the alloy are to be characterised during thermal 
ageing at 300 and 450°C, which represent typical operating temperatures. An understanding of 
this behaviour has a number of important implications. Not only can it be used to described the 
behaviour of the material under operating conditions, including predictions for the likelihood 
of embrittlement or cracking, but it can also be used as a motivation for further research. That 
is, the results may be used to establish a focus on better understanding the phase transformations 
in the β-21S alloy or to suggest where critical operating temperatures may occur. Specific 
elements of the microstructure and mechanical properties to be investigated, including 
experimental techniques, are presented with justification in chapter three, Research 
Methodology.   
 
1.2 Research Aims and Objectives 
 
The aim of this body of work is to investigate the changes in microstructure and mechanical 
properties during thermal ageing of solution treated β-21S titanium alloy. This is to be achieved 
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using optical microscopy, scanning electron microscopy and microhardness testing techniques. 
As previously mentioned, the work is intended to characterise the ageing response of this alloy 
at typical service temperatures, which has not previously been studied in-depth. To realise the 
deliverable, the aim is divided into the following objectives. The relative success of the research 
work in achieving these is discussed in chapter 6, Conclusions.  
 
 To characterise the changes in microstructure following thermal ageing treatment of 
titanium alloy β-21S. This includes comparing and contrasting the alloy’s 
microstructure across discrete time periods of ageing and between the two 
experimental temperatures (300 and 450°C).  
 To quantify the effects of the microstructural changes, which have strengthening 
mechanisms, on the mechanical properties of the alloy through microhardness testing. 
 To discuss the relationship between the microstructures and mechanical properties. 
 To indicate potential modes of in-service failure, including the likelihood of 
embrittlement and cracking. 
 To make recommendations regarding the use of titanium alloy β-21S in service 
conditions similar to those investigated. 
 
1.3 Project Scope 
 
The research project is scoped to provide an extensive investigation of the microstructure and 
mechanical properties of β-21S during thermal ageing whilst working within practical 
limitations imposed by available equipment and time constraints. The following table indicates 
the research work which falls within the scope of the project and also lists any work outside of 
such scope.   
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Table 1.1: Summary of Project Scope 
In Scope Out of Scope 
Investigate the changes in microstructure and 
mechanical properties at discrete time periods of 
ageing up to 9 days and for two experimental 
temperatures  
As the number of ageing time and temperature 
permutations is subject to time constraints, 
investigating additional temperatures and/or 
increasing the resolution of time data points is 
outside the project scope.  
Employ optical microscopy and SEM techniques 
to visually characterise the changes in alloy 
microstructure with ageing time and temperature 
Resolve intermediate phase particles which 
cannot be distinguished by available means of 
optical and scanning electron microscopy 
Investigate the effects of ageing on the alloy’s 
mechanical properties through quantifying the 
microhardness    
Other mechanical testing methods, including 
determining material strength, ductility and 
fracture toughness by means of tensile and 
impact testing 
Provide recommendations regarding the 
metallurgical stability of titanium alloy β-21S in 
service conditions similar to those investigated 
Recommend the suitability of β-21S for any 
specific industry application(s) 
 
1.4 Summary of Chapters 
 
A statement of the engineering problem, through discussion of the background motivation, has 
been presented in chapter one within the introduction. This section is intended to give the reader 
a context or background to the problem, define the aim and objectives of the research and 
delineate the project scope.  
 
Chapter two presents a review of all relevant literature associated with the project. Fundamental 
concepts such as precipitation hardening and phase transformations are defined in order to 
enable the document to be accessible by unfamiliar readers. Existing research into the β-21S 
alloy is presented. 
 
Chapter three provides an overview of the research methodology with the purpose of justifying 
all project decisions and assumptions. It also allows all experimental data to be reproducible. 
The entire methodology from heat treatment to sample preparation, microhardness testing and 
microscopy is specified.  
 
Chapter four contains the experimental results, including optical microscope and scanning 
electron microscope images as well as hardness testing results. These findings are discussed in 
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detail in this chapter, which describes the relationship between the alloy’s microstructure and 
its mechanical properties using the prior art established in chapter two. This allows for the 
implications of the research, or significance in relation to the commercial applications of β-21S, 
to be suggested.  
 
Chapter five revisits the aims and objectives of the research project and assesses to what extent 
they were accomplished. A summary of project limitations, and therefore recommendations for 
future work, is also discussed.  
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Chapter 2 
 
Literature Review 
 
2.1 Titanium Alloys 
 
Unalloyed titanium, under ambient conditions, exists as a hexagonal close packed crystal 
structure or α phase which undergoes an allotropic transformation to a body centred cubic β 
phase at temperatures above 882°C. Depending on the amount of added alloying elements and 
volume fraction of β phase, titanium alloys can be classified as either α, α+β or β and near β 
(Luterjing and Williams, 2007). α+β and β alloys are typical of materials used in aerospace 
applications due to the potential for higher tensile and fatigue strengths with heat treatment 
processing. 
 
2.1.1 β Titanium Alloys 
 
β titanium alloys are characterised by retention of the β phase following cooling to room 
temperature during heat treatment, which is a direct consequence of the total alloying elements 
(figure 2.1). They may be either stable or metastable; meaning in a state that is not the energy 
minimum. Compositions of alloying elements which constrain the titanium alloy between the 
critical lower level to avoid martensite formation (βC) and the β transus line (βS) are termed 
metastable as they will produce fine particles of the α phase upon heat treatment (Polmear, 
2007). One mechanism by which to categorize β titanium alloys is to determine the equivalent 
content of the β stabilising element, molybdenum (>10 wt%). Aluminium has the opposite 
effect as it is an α phase stabiliser (Kent, Wang, & Dargusch, 2013).   
 
2.1.2 Material Designation 
 
Titanium β-21S or Timetal 21S is a metastable β alloy with designation Ti-15 Mo-3 Nb-3 Al- 
0.2 Si and is designed for high temperature applications, such as in aircraft engine exhaust plug 
and nozzle assemblies, due to its improved oxidation and creep resistance. The addition of 
alloying elements Nb, Al and Si to the Ti-Mo system are specifically targeted at improving 
oxidation resistance (Agarwal, Bhattachjaree, Ghosal, Nandy, & Sagar, 2008).  
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Figure 2.1: Pseudo-binary β isomorphous phase diagram. Adapted from Polmear (2005)   
 
2.2 Solid-solid Phase Transformations 
 
Solid-solid phase transformations are characterised by long range diffusion of a product phase 
in a parent matrix. The driving force for the nucleation of such a product phase can be expressed 
in terms of the free energy change in the system, ΔG, and is a function of the nucleus size 
(Zhang, 2015): 
 
∆G = 4𝜋𝑟2𝛾𝑎𝑏 +
4
3
𝜋𝑟3(∆𝐺𝑉 + ∆𝐺𝑆)      (Equation 2.1) 
 
Here ΔGV is the volume free energy change due to the formation of product phase, ΔGS is the 
elastic strain energy per unit volume due to the misfit between the product phase and parent 
matrix and γab is the interfacial energy per unit area due to the introduction of extra interfaces. 
In the case of solid transformations, the contribution of the elastic strain energy dominates for 
small sized particles and reduction of the interfacial energy is achieved by assuming a coherent 
structure (atomic matching of the two phases across the interface). As the particles grow, 
introduction of misfit dislocations, resulting in a semi-coherent interface, reduce the elastic 
energy.   
 
The growth rate of the product phase (V) is governed by the temperature and time (t) as 
demonstrated by the following relationship (Zhang, 2015): 
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𝑉 ∝ ∆𝑥√
𝐷
𝑡
          (Equation 2.2) 
 
Here Δx is the supersaturation and D is the diffusion rate. At lower temperatures, there is a 
greater supersaturation which implies a greater volume free energy change, ΔGV, and therefore 
growth rate. However, there is also small atomic mobility and diffusion, lowering such a rate. 
This balance leads to a maximum growth rate at an intermediate temperature.  
 
 2.2.1 Precipitation Hardening (Age Hardening) 
 
Precipitation hardening is a two-stage heat treatment process which produces a microstructure 
that contains small, dispersed particles or precipitates of a product phase within the original 
phase matrix as per a solid-solid phase transformation. The first stage is termed solution heat 
treatment and is characterised by heating an alloy above the solvus temperature (limit of 
solubility of one solid phase in another) and holding it until formation of a homogeneous solid 
solution. i.e. solubility of titanium alloy α precipitates in β phase. The metal is subsequently 
quenched or rapidly cooled to room temperature to form a supersaturated solid solution. The 
atoms do not have sufficient time to diffuse to prospective nucleation sites, therefore preventing 
the formation of α precipitates. The second step in the precipitation hardening process is termed 
ageing and is characterised by heating the supersaturated solid solution below the solvus 
temperature. Finely dispersed precipitates are produced as atoms diffuse to potential nucleation 
sites (Smart, 2013). 
 
The decomposition of the supersaturated solid solution often begins with a clustering of solute 
atoms into a region coherent with the matrix phase. These zones, which are a few atoms thick, 
are termed Guinier-Preston (GP) zones (Morris, 2001). Although coherent with the parent 
phase, strain is introduced into the lattice. Certain alloys, including beta-titanium alloys, then 
form intermediate or transitional precipitates which have definite composition and crystal 
structure. The formation of the final equilibrium precipitates leads to a loss of coherency within 
the parent lattice (Smart, 2013).       
 
There are several mechanisms which contribute to an increase in the strength of an alloy 
following precipitation hardening. These are dependent on the ability of the precipitates to act 
as obstacles to dislocation motion, that is, preventing the movement of crystallographic defects 
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which allow slip or plastic deformation to occur. One hardening mechanism is coherency stress 
hardening which relies on the difference in spacing of the crystal lattice between the matrix and 
precipitate to generate strain fields around the GP zones (Morris, 2001). This impedes 
dislocation motion and increases with precipitate size. However, a loss of coherency will result 
as the coherency strain becomes too large, decreasing the lattice strain. The loss of strain energy 
contributes to the surface energy of the new boundary.   
 
In the case of precipitate cutting, dislocation motion through a GP zone or precipitate creates 
new surfaces and increases the volume of solvent/solute bonds. The cutting stresses increase 
with precipitate size. Dislocation bowing is another hardening mechanism and involves the 
dislocations bypassing the precipitates by bowing between them and re-joining on the opposite 
side. This is energetically favourable and leaves behind dislocation ‘loops’ which repel 
incoming dislocations (Orowan or dispersion hardening) (Morris, 2001).      
 
As previously stated, the alloy’s strength is a function of the ability of its precipitates to act as 
obstacles to dislocation motion (F) as well as the inter-particle spacing (x0). Initially during 
ageing, the strength of the alloy increases as F similarly increases and x0 decreases. However, 
at some ageing time, x0 will increase as large precipitates grow preferentially to smaller ones. 
When the precipitates can no longer be cut by the dislocations, bypassing of the precipitates 
occurs and the alloy experiences a reduction in strength.  
 
2.3 Heat Treatment of β Titanium Alloys 
 
 2.3.1 Phase Transformations in β Ti Alloys  
 
In metastable β titanium alloys, several phase transformations can take place with each 
influenced by the alloy composition and ageing temperature. An equilibrium alpha phase forms 
during isothermal ageing below the β transus temperature as well as during slow cooling from 
the β field. This α phase can be either categorised as type 1, whereby it obeys the Burgers 
orientation relation with the β matrix, or type 2 with a {101̅2}<101̅1> twin orientation with 
respect to Burgers α (Chaudhuri & Perepezko, 1994). The direct decomposition of the β phase 
to equilibrium α is observed only at sufficiently large temperatures due to the difficulty of 
nucleating HCP α phase from the BCC β matrix. As a result, intermediate decomposition 
products or transitional phases are often formed (Polmear, 2005). 
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Two transitional phases have also been observed in metastable β titanium alloys. An ω phase 
may form during quenching (athermal ω) or during low temperature ageing (isothermal ω) 
(Chaudhuri & Perepezko, 1994). The morphology of this phase is heavily dependent on the 
misfit between the precipitate and BCC structure of the matrix. In low misfit alloys, an 
ellipsoidal ω phase persists whilst in high misfit alloys a cuboidal phase is formed. It was also 
found that in alloys with β stabilising elements, a β’ transitional phase is formed. This is due to 
the separation of the BCC phase into two BCC phases of different compositions in these alloys 
(Leyens and Peters, 2003). If silicon is an alloying element, silicides may also be found. Low 
temperature ageing can therefore be said to result in the following two phase transformations, 
depending on ageing time and temperatures (Polmear, 2007): 
 
(1) 𝛽 → 𝛽 +  𝜔 → 𝛽 + 𝜔 + 𝛼 → 𝛽 + 𝛼 (Solute lean, metastable β Ti-alloys) 
(2) 𝛽 → 𝛽 +  𝛽′ → 𝛽 + 𝛽′ + 𝛼 → 𝛽 + 𝛼 (Solute rich, metastable β Ti-alloys) 
 
The mechanism of formation of the equilibrium α phase, either through direct nucleation or 
indirectly from ω and β’ transitional phases, is deterministic of its morphology and distribution 
with implications for the mechanical properties. Direct nucleation can exhibit as either of two 
morphologies. Coarse Widmanstatten plates of α occur in dilute binary alloys aged above the 
limit of ω formation and in alloying systems containing aluminium (Polmear, 2007). In alloys 
containing large amounts of β-stabilising elements, and which are aged at temperatures above 
which phase separation of β takes place, a fine dispersion of α precipitates is observed  
(Luterjing and Williams, 2007). Heterogeneous nucleation, that is nucleation of a continuous 
layer occurring on grain boundaries, is common.    
 
The nucleation mechanism of equilibrium α from the β matrix containing ω transitional phase 
particles is dependent upon both the relative misfit and ageing temperature. Low misfit results 
in heterogeneous nucleation at the grain boundaries by cellular reaction whilst high misfit 
results in nucleation at the β/ω interfaces (Chaudhuri & Perepezko, 1994). In the case of β’ 
transitional phase formation, nucleation of the α phase occurs within the β particles. 
Consequently, the α phase transformation is dependent upon the β’ distribution and is therefore 
uniformly dispersed and tightly spaced (Polmear, 2007).   
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2.3.2 Mechanical Properties 
 
In the case of β titanium alloys, the mechanical properties are directly dependent on such factors 
as the morphology, volume fraction, size and distribution of the α phase in the β matrix, 
following formation during isothermal ageing below the β transus temperature. This is in 
keeping with classical precipitation hardening or age hardening theory (section 2.2.1); fine, 
hard particles within the microstructure result in greater resistance to dislocation slip and 
therefore have a higher hardening effect.  
 
The yield stress of the alloy is proportional to the inverse of the inter-particle distance (x0), as 
defined by Orowan’s relationship, for incoherent α precipitates. For a given ageing temperature, 
the maximum yield strength is achieved once precipitation of the equilibrium volume fraction 
of α has occurred. At greater ageing temperatures, the maximum attainable yield strength 
decreases as a result of a reduced equilibrium volume fraction. However, the time to reach such 
a maximum is shortened. The alloy hardness, or resistance of the metal to plastic deformation, 
is fundamentally related to the precipitation hardening response and therefore the yield strength. 
The Vickers hardness provides a good estimate of the yield strength by the following 
relationship (Kent, Wang, Wang, & Dargusch, 2012): 
 
𝜎𝑦 ≅
𝐻𝑣
3
            (Equation 2.3) 
 
Nucleation of the α phase commonly occurs preferentially at the grain boundaries, due to the 
high interfacial energy and relatively weak bonding, where it forms a continuous layer. There 
is a precipitate free zone adjacent to this layer which is free of α platelets and is therefore soft 
in comparison to the precipitation hardened matrix (Luterjing and Williams, 2007). The 
mechanical properties of the alloy have been shown to be dependent both upon the strength of 
the age hardened matrix as well as the slip length in the soft zone (β grain size).  
 
The plasticity of the alloy has been shown in several studies, such as that by Luterjing and 
Williams (2007), to be largely controlled by the preferential plastic deformation along the grain 
boundary α film. Where there is a soft precipitate free layer adjacent to the grain boundary, 
localised increases in the dislocation slip length allow substantial pile up of dislocations and 
subsequent crack nucleation. This preferred plastic deformation may be severely concentrated 
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if there is a significant strength difference between the age hardened matrix and soft zones. The 
presence of coarser and more widely dispersed precipitates at the grain boundaries, when 
compared with the β matrix strengthened by fine equilibrium α, also results in localised 
increases in available slip length. This is a maximum once the long axis of such α plates is 
parallel with the maximum resolved shear stress, resulting in crack formation and a loss in 
plasticity (Shi, Guo, Liu, Wang, & Yao, 2015). Yao et al. (2015) and Luterjing and Williams 
(2007) also observed fast micro-crack propagation where fine coherent and semi-coherent 
precipitates had been cut by dislocations, leading to the formation of severe, planar slip bands.  
 
2.4 Effect of Heat Treatment on the Microstructure and Mechanical Properties of β-21S
  
2.4.1 Scope of Existing Research 
 
Within the existing body of research, the microstructural development of β titanium alloys is 
not as extensively described as phase transformations in β+α alloys. Whilst studies of Timetal 
21S have aimed to describe such changes in microstructure under various heat treatment 
techniques, the metallurgical stability of this material at operating temperatures between 200-
600°C has not been fully considered. As these are typical service temperatures of the material, 
it is important to characterise the change in microstructure and physical properties with time 
over such a range.      
 
 2.4.2 Microstructure Development  
 
Chaudhuri and Perepezko (1994) identified the formation of α, ω and silicide precipitate phases 
in Timetal 21S under several heat treatment methods. Solution treatment at 900°C for 6-48hours 
of a bulk alloy worked below β transus, followed by air cooling, resulted in recrystallised and 
non-recrystallised regions of the microstructure. The non-recrystallised regions were 
characterised by high α precipitate density which could be attributed to more sites for potential 
nucleation provided by the substructure. It was also shown that recrystallization results from 
the large deformation of small grains in the initial, non-uniform structure. Heat treatment then 
promotes recrystallization and growth in these smaller grains whilst the larger ones simply 
undergo recovery (Chaudhuri & Perepezko, 1994).  
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Chaudhuri and Perepezko (1994) also demonstrated the formation of an athermal ω phase and 
silicide precipitates following quenching from the solution treatment temperature of 900°C. 
Subsequent high temperature ageing at 600°C resulted in precipitation of the α phase, which 
occurred more slowly in the recrystallised regions. In contrast, low temperature ageing at 350°C 
yielded an additional isothermal ω phase characterised by an ellipsoidal morphology.  
 
Huang, Cuddy, Goel, and Richards (1994) also investigated the effects of ageing on the 
microstructural development of titanium alloy β-21S. It was observed that precipitation of the 
α phase occurs on the grain boundaries during high temperature aging at 650°C and within the 
grains during low temperature aging at 400°C. In the latter case, progression toward the grain 
boundaries was noted at aging times above 8 hours. Uniform precipitation occurred at an 
isothermal aging temperature of 538°C for 8 hours. This was consistent with results detailed by 
Agarwal et al. (2004) who conducted ageing (8 hours) of Timetal 21S at 540 and 590°C 
following solution treatment at 845°C for 30 minutes. A dense aggregate of α precipitates was 
noted with continuous grain boundary α at the higher temperature.      
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Chapter 3 
 
Research Methodology 
 
3.1 Overview 
 
A Ti-15 Mo-3 Nb-3 Al- 0.2 Si (% by mass) β-titanium alloy was received as a wrought sheet 
from which small samples (approximately 5x10x1mm) were cut. Isothermal ageing of the 
samples at both a specified furnace temperature of 300°C and 450°C was conducted for varying 
time periods (0, 0.25, 0.5, 1, 1.5, 4, 8, 24, 72 and 216 hours). Three samples were obtained for 
each temperature and time permutation. This was followed by air cooling to room temperature. 
Each group of samples was mounted in Bakelite resin. The Vickers microhardness of the 
samples was tested after a standard metallographic process of mechanical grinding and 
polishing. Five data points on each sample, amounting to fifteen for the specified temperature 
and ageing time, were obtained. The microstructural development of the alloy was examined 
by means of optical microscopy and scanning electron microscopy (SEM) following etching in 
Kroll’s reagent. 
 
3.2 Sample Preparation 
 
Small samples (approximately 5x10x1mm) of an as supplied, solution treated, wrought sheet 
of β-21S titanium alloy were initially cut using a guillotine. To standardise the experimental 
testing, and ensure consistent properties due to the material’s anisotropy, the edge perpendicular 
to the long transverse side of the sheet was utilised for this research. This orientation is shown 
in the following schematic diagram. Work hardening at this surface due to the shear stress 
imposed by the guillotine was seen as a potential source of error and so the samples were 
required to be well ground following isothermal ageing.       
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Figure 3.1: Schematic diagram showing a representative sample and experimental surface 
 
Isothermal ageing of the samples was conducted at both a specified furnace temperature of 
300°C and 450°C for varying time periods (0, 0.25, 0.5, 1, 1.5, 4, 8, 24, 72 and 216 hours). The 
following apparatus was utilised: 
 
 Furnace: MV (MIHM-VOGT) GmbH and Co. 
Type: GLP6-U 
S/N: 45299 
 
Three samples were obtained for each temperature and time permutation. This was followed by 
air cooling to room temperature. The ageing temperatures were chosen to reflect typical service 
conditions for the titanium alloy, forming part of a wider study by Dr. Michael Bermingham 
aiming to produce similar data for temperature intervals of 50°C in the range of 300 to 550°C. 
The ageing times reproduced previous literature with the aim of characterising the initial 
precipitation of α phase particles and achieving a peak hardness. For instance, a similar study 
by Kent et al. (2012) identified over-ageing of a new metastable β titanium alloy after only five 
hours for isothermal ageing temperatures above 400°C.    
 
Preparation of the samples for microhardness testing was then achieved by mounting the 
samples in LECO black bakelite powder under a mould temperature between 130-180°C and 
mould pressure of 3800-4400psi. A cure time of 7-10mins was required. This was followed by 
a standard metallographic procedure of mechanical grinding and polishing as illustrated in table 
3.1. The apparatus used in this process is as follows: 
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 Struers Hot Mounting Press 
Type: Citopress- 30 
S/N: 4172 10470 000 
 
 Struers Specimen Mover (Grinding and Polishing) 
Type: TegraForce-5 and Tegradoser-5 
S/N: 4174 06187 000 
 
Table 3.1: Preparation Procedure for Titanium Samples 
Iteration Surface/ 
Abrasive 
Disc 
Rotation 
Speed (rpm) 
Sample 
holder speed 
(rpm)/ 
Direction 
Load (N) Time 
(min.) 
1 Wet grind with 120 grit 
SiC paper 
240 240/Comp. 20 2  
2 Wet grind with 320 grit 
SiC paper 
200 200/Comp. 15 1 
3 Wet grind with 600 grit 
SiC paper 
150 Comp. 15 1 
4 Wet grind with 1200 grit 
SiC paper 
150 Comp. 15 1.5 
5 Wet grind with 4000 grit 
SiC paper 
240 Manual Manual Manual 
6 MD-Chem with manual 
OP-S suspension (20% 
hydrogen peroxide) 
150 150/Comp. 15 10m 
7 MD-Chem with manual 
water application 
150 150/Comp. 15 0.75 
 
Notes 
 Load is per specimen (multiply by 6 for force on sample holder) 
 Complementary rotation (comp.) means sample holder rotates in the same direction as the 
plate 
 Contra-rotation (contra.) means sample holder rotates in the opposite direction to that of the 
plate  
 Samples were cleaned with ethanol, and all equipment washed, between iterations 
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3.3 Microhardness Testing 
 
The microhardness or resistance of the β-21S alloy to plastic deformation by indentation, 
quantified as the Vickers hardness, was determined using the following testing apparatus:    
 
 Struers Microhardness Testing 
Type: Duramin 
S/N: 4174 10579 000 
 
The apparatus was utilised by applying a 100gm load over a 12s time interval, with a square-
based diamond pyramid indenter. The diagonals of the subsequent indentation were measured 
using optical microscopy to determine the Vickers hardness. This process was conducted for 
five data points on each sample, amounting to fifteen for the specified temperature and ageing 
time. The data points were taken across the full length of the samples, and at different distances 
from the mould/metal interface, to ensure results were representative of the entire surface. Prior 
to commencing the testing, the apparatus was calibrated using a 241HV test block [100 gm 
load]. This procedure was conducted twice, both for the 300°C aged samples and 450°C aged 
samples, with all data shown below in the following table. 
 
Table 3.2: Calibration Summary for Microhardness Testing 
Test No. Calibration 1: 300°C (HV) Calibration 2: 450°C (HV) 
1 240 232 
2 243 242 
3 245 227 
4 236 231 
5 236 232 
6 254 240 
Average, 𝒙 242.33 234 
Standard Deviation, σ 6.77 5.76 
 
Microhardness testing was seen as a viable technique by which to efficiently ascertain the 
ageing behaviour of the alloy across several temperature and time combinations. As suggested 
in the chapter 2 literature review, the alloy hardness is fundamentally related to the 
precipitation hardening response and can therefore be used to estimate the strength. This 
precluded the use of other mechanical testing techniques, such as tensile and impact testing.     
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3.4 Optical Microscopy and Scanning Electron Microscopy 
 
In order to distinguish microstructural features, etching was conducted using a derivation of 
Kroll’s reagent consisting of 5% HF, 30% HNO3 and remaining balance H2O. This was 
intended to reveal such properties as how and where (nucleation sites) precipitation occurs, 
morphology, volume fraction, size and distribution of α precipitates in the β matrix. 
Characterisation of the microstructural features was achieved by means of optical microscope 
and scanning electron microscope techniques using the following equipment. However, as 
noted in the project scope, the intermediate ω and β’ phase particles can only be observed on a 
nano-scale and are therefore not expected to be resolved or distinguished between using optical 
and SEM techniques.   
 
 Reichert-Jung Optical Microscope 
Type: Polyvar MET 
Image Capture: Canon EOS 5D MARK 2 Camera 
Ocular: 1 
S/N: 1350 04899 
 
 Hitachi Tabletop Microscope 
Type: TM3030 Scanning Electron Microscope 
S/N: 55619 
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Chapter 4 
 
Discussion of Experimental Results 
 
4.1 Microstructure Analysis 
 
4.1.1  Optical Microscopy: Microstructural Development During Isothermal Ageing 
at 450°C  
 
The following figures 4.1 through 4.7 show the optical microscope images for the 450°C 
isothermally aged samples for ageing times ranging from as-received to 9 days. As can be seen 
in figure 4.1, the grains are typically 20-50µm in diameter and are equiaxed as evidenced by 
their polygonal shape. This is expected in highly β stabilised alloys which have been solution 
treated above the beta transus temperature and quenched to obtain a fully β structure. There is 
an incubation period of 60-90 minutes before equilibrium α precipitates are initiated within the 
β grains. Within this incubation time, a limited fraction of the α phase precipitated on the initial 
β grain boundaries. This can be attributed to the high interfacial energy and relatively weak 
bonding at the grain boundaries, making them preferred sites for heterogeneous nucleation.    
 
Figure 4.2 shows the microstructure of the 90 minute aged samples which displays equilibrium 
α particles having nucleated on the pre-existing grain boundary as well as uniformly within the 
matrix. The equilibrium α displays a variety of different morphologies and sizes depending on 
the ageing time. Initially, precipitates exhibit a Widmanstatten star-shaped morphology or 
clustering of fine α plates. These form throughout the grains and along the grain boundaries. 
Earlier research has suggested that such low temperature ageing is likely to produce a large 
number of nano-sized transitional phase precipitates in the matrix (Luterjing and Williams, 
2007). These metastable particles serve as precursors for the nucleation of α platelets when 
there is insufficient thermal energy to decompose the β phase directly to equilibrium α. It is 
possible that the fine α precipitates observed towards the centre of the grains may have formed 
by an extension of one of these two transitional mechanisms (ω or β’) or that the transitional 
particles acted as nucleation sites for the precipitation of α particles.        
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Figure 4.1: Optical microscope images of (a) As received, solution heat treated sample at 50x 
magnification and (b) 450°C, 30m aged sample at 100x magnification  
 
Figure 4.2: Optical microscope images of 450°C, 90m aged sample at (a) 50x and (b) 100x 
magnification 
 
Figure 4.3: Optical microscope images of 450°C, 4h aged sample at (a) 50x and (b) 100x 
magnification 
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Figure 4.4: Optical microscope images of 450°C, 8h aged sample at (a) 50x and (b) 100x 
magnification 
 
Figure 4.5: Optical microscope images of 450°C, 24h aged sample at (a) 50x and (b) 100x 
magnification 
 
Figure 4.6: Optical microscope images of 450°C, 72h aged sample at (a) 50x and (b) 100x 
magnification 
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Figure 4.7: Optical microscope images of 450°C, 9d aged sample at (a) 50x and (b) 100x 
magnification 
 
During the initial ageing process, there is also evidence for preferential precipitation within 
some grains due to the rejection of α forming elements to these grains. This chemical 
segregation is likely to have occurred during manufacturing of the as supplied, solution treated 
sheet. Another noticeable behaviour is heterogeneous nucleation along dislocation lines. This 
is most evident towards the edge of the sample which is most vulnerable to work hardening or 
cold working due to the shear stresses imposed by cutting using the guillotine. Again, this 
heterogeneous nucleation is due to the precipitation of α particles with faster kinetics than for 
the dispersions of intragranular α.  
 
After an ageing time of 4h (as seen in figure 4.3), the precipitation of the equilibrium α phase, 
which had occurred homogeneously within the centre of the grains, progressed towards the 
grain boundaries. As the α phase particles appear finer, there is evidence for decomposition of 
the large Widmanstatten star morphology and/or nucleation as an extension of the transitional 
phase. Adjacent to the continuous α layer at the grain boundaries is a so called precipitate free 
zone which is removed of any α platelets and is therefore soft with respect to the age hardened 
matrix. The formation of this precipitate free zone can be attributed to the rejection of β phase 
stabilising elements, namely Mo, V and Cr, during heterogeneous nucleation and growth of the 
thin grain boundary film. This may have implications for the ductility and fracture mechanics 
of the alloy as localised increases in dislocation slip length allow substantial pile-up of 
dislocations and subsequent crack nucleation (Kent et al., 2012).    
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At greater ageing times, the precipitates present as fine alpha platelets which have a lenticular 
or acicular morphology. They are observed to grow in size and coarsen. Another important 
observation is the growth of α precipitates from the centre of the grains towards the grain 
boundary, reducing the size of the precipitate free zone. A maximum volume fraction of 
equilibrium alpha within the β grains is obtained between ageing times of 24 and 72h (figures 
4.5 and 4.6). After 9 days (figure 4.7), there is significant coarsening of the α precipitates as 
larger particles consume smaller ones to decrease the total interface area.   
 
4.1.2  Optical Microscopy: Microstructural Development During Isothermal Ageing 
at 300°C  
 
The microstructural development of the β-21S alloy during isothermal ageing at 300°C is 
illustrated in the following figures 4.8 through 4.12. Ageing times ranging from the as-received 
sample to 9days are shown. As can be seen in figure 4.8, the microstructure exhibits equiaxed 
grains, with polygonal shape, which are typically 20-50µm in diameter. These grain appear as 
fully β structures over an incubation period of 24-72 hours before equilibrium α precipitates are 
initiated. When compared to the higher ageing temperature of 450°C, there is lower thermal 
activation energy, meaning small atomic mobility and diffusion rate. There is slower long-range 
diffusion of atoms, necessary to achieve equilibrium α phase growth and composition, to 
potential nucleation sites. 
 
 
Figure 4.8: Optical microscope images of 300°C aged samples at 50x magnification for (a) As-
received and (b) 30mins 
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Figure 4.9: Optical microscope images of 300°C aged samples at 50x magnification for (a) 
60mins and (b) 4hrs 
 
Figure 4.10: Optical microscope images of 300°C aged samples at 50x magnification for (a) 
8hrs and (b) 24hrs 
 
Figure 4.11: Optical microscope images of 300°C, 72h aged sample at (a) 50x and (b) 100x 
magnification 
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Figure 4.12: Optical microscope images of 300°C, 9 days aged sample at (a) 50x and (b) 100x 
magnification 
 
From 24 hours, the microstructure exhibits a uniform, fine dispersion of particles within the β 
matrix. These are significantly smaller than 1µm based on the resolution of the optical 
microscopy. An explanation for the appearance of a finer, more even distribution of precipitates 
is the formation of the metastable ω or β’ transitional phases. Research has suggested that low 
temperature ageing in the range 100-500°C is likely to produce a large number of these nano-
sized transitional phase precipitates in the matrix (Luterjing and Williams, 2007). These 
metastable particles serve as precursors for the nucleation of α platelets. As these are beyond 
the resolution of the optical microscope, the fine particles are suggested to be equilibrium α. It 
is possible that these α precipitates may have formed by an extension of one of these two 
transitional mechanisms (ω or β’) or that the transitional particles acted as nucleation sites for 
the precipitation of α particles. At higher temperatures, such as in the case of the 450°C aged 
samples, there is less opportunity for the formation of the ω or β’ precipitates to facilitate 
intragranular nucleation of the equilibrium α phase. This subsequently results in an increased 
likelihood for nucleation of α particles as side plates at α/β interfaces.   
 
At longer ageing times of 72h and 9 days, as seen in figures 4.11 and 4.12, larger α precipitates 
have begun to grow preferentially within certain grains. Again, this is due to chemical 
segregation and the rejection of α forming elements to these grains. This is also evidence that 
further ageing is likely to result in precipitate growth with implications for increased strength 
and hardness consistent with precipitation hardening theory. However, further ageing would 
need to be conducted to determine when the equilibrium volume fraction of α and peak hardness 
is obtained.  
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Another important observation is the formation of precipitate free zones adjacent to the β grain 
boundaries. These are attributed to the rejection of β phase stabilising elements, namely Mo, V 
and Cr, during heterogeneous nucleation and growth of the thin grain boundary film. Again, 
this could be expected to affect the fracture behaviour and ductility of the alloy due to increases 
in slip length within these regions (Kent et al., 2012).  
 
4.1.3 Scanning Electron Microscopy 
 
Scanning electron microscope imaging was conducted on several samples (figures 4.13-4.15), 
consolidating the results of the microstructural development detailed using optical microscopy 
as well as providing further details regarding the size and morphology of the equilibrium α 
phase precipitates. The results of the 450°C isothermal ageing showed a classical precipitation 
hardening response; nucleation and growth of fine equilibrium alpha precipitates which 
increase in volume fraction and coarsen at extended ageing times. As previously mentioned, 
precipitation of the α phase is observed to occur homogeneously within the centre of the grains 
after 60-90mins and progresses towards the grain boundaries where there is a definitive 
precipitate free zone. 
 
At both an ageing time of 90m and 4h, a Widmanstatten star morphology of the α phase within 
the β grains was observed (figure 4.13a and figure 4.14a). There was a uniform distribution of 
these small (up to 1µm), star-shaped particles which had precipitated homogeneously within 
the β matrix as well as along the grain boundaries. The volume fraction of these precipitates 
decreases with longer ageing times as they grow and evolve into other morphologies such as 
triangular or ‘v’ shapes. This is consistent with work conducted by Deghan-Manshadi and 
Dippenaar (2010) who studied the development of α phase morphologies during low 
temperature isothermal ageing of a Ti-5Al-5Mo-5V-3Cr alloy. The authors noted that each 
individual α precipitate is formed by a mesh of fine Widmanstatten plates. It was proposed that 
such plates are formed by a mechanism of sympathetic nucleation, that is, nucleation of a 
precipitate crystal at an interphase boundary of a crystal of the same phase. In particular, it is 
suggested that decomposition of the β phase begins by formation of the large plates of α, 
followed by an edge-to-face sympathetic nucleation of the smaller side plates onto the existing 
plates.  
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Figure 4.13: SEM images of 450°C aged samples at 2000x magnification: (a) 90m, (b) 4h, (c) 24h and 
(d) 9d   
 
After an ageing time of 8 hours, the precipitates exhibit a lenticular morphology and are up to 
1µm in length (figure 4.14c). There is a predominately continuous, thin layer of α along the 
grain boundaries with precipitates significantly coarser than those towards the centre of the 
grains. Interestingly, a number of precipitates in the vicinity of the grain boundaries exhibited 
a triangular or ‘v’ shaped morphology. This has been reported by several similar studies, such 
as that by Rhodes and Williams (1975), who noted the presence of a ‘triangular phase’ during 
low temperature ageing at 573K. A similar study by Miyano, Norimura, Inaba, and Ameyama 
(2006) demonstrated that each triangular α phase is composed of three individual α 
precipitates which exhibit a specific orientation with the β matrix and near-twin relationship 
with each other. The formation of these triangular or ‘v’ shaped morphologies is reportedly 
caused by sympathetic nucleation. 
a 
c 
b 
d 
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Figure 4.14: SEM images of 450°C aged samples at 5000x magnification: (a) 90m, (b) 4h, (c) 8h and 
(d) 9d   
    
The lenticular morphology of the α precipitates is evident up to an ageing time of 9 days, with 
slight coarsening observed. The precipitate free zones adjacent to the grain boundaries reduce 
in size as an equilibrium volume fraction of α is obtained between 24 and 72 hours.  
 
The results of the scanning electron microscopy for the 300°C isothermal ageing reveal very 
little about the size and morphology of the equilibrium α phase precipitates as they are much 
finer than the available resolution. In keeping consistent with the optical microscope results, 
the grains are fully β phase over an incubation period of 24-72 hours before equilibrium α 
precipitates are initiated. These are significantly smaller than 1µm in size and have a fine 
dispersion throughout the β matrix. Growth of larger precipitates is isolated to a few, select 
individual grains where rejection of α phase stabilising elements has occurred.  
a 
c 
b 
d 
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Figure 4.15: SEM images of 300°C aged samples: (a) 90m, (b) 24h, (c) 72h and (d) 9d 
 
It is possible that the fine dispersion of α precipitates is due to the formation of metastable, 
transition phase particles which act as precursors for nucleation when there is insufficient 
thermal energy to decompose the β phase directly to equilibrium α. The phase which forms, 
either ω or β’, is dependent on the alloying content and can only be determined by means of a 
higher level characterisation technique such as TEM or transmission electron microscopy. In 
the case where ageing is conducted above the temperature for the formation of ω or β’ 
precipitates, there is an increased likelihood for nucleation of α particles as side plates at α/β 
interfaces. This is a point of comparison to the 450°C aged samples. 
 
 
 
a b 
c d 
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4.2 Microhardness Testing 
 
The following figures 4.16 and 4.17 show the results of the microhardness testing for both 
ageing temperatures of 300 and 450°C with appropriate error bars delineating one standard 
deviation of the data. Hardening of the alloy under both conditions was observed over the 9day 
period due to the precipitation of fine α phase particles, however the ageing behaviour was 
notably different. In the case of the 450°C aged samples, a high rate of hardening was observed 
after an incubation period of 60mins with a maximum hardness value of 491Hv obtained at 
72hours. This was a 71% increase when compared to the as received, solution treated sample. 
Over-ageing was noted in the 9day sample, which exhibited a hardness reading of 462Hv. In 
comparison, the 300°C aged trial has a much longer incubation period of up to 8hrs before any 
increase in the alloy’s hardness and a plateau or peak hardness is not obtained after 9days of 
ageing. A maximum value of 405Hv, representing a 41% increase in hardness from the as 
received sample, is noted.     
 
Figure 4.16: Age-Hardening Response of β-21S Titanium Alloy over 9day Period    
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Figure 4.17: Age-Hardening Response of β-21S Titanium Alloy over Initial, 8hr Period    
 
The hardness, and indeed the microhardness, is dependent on the precipitation of the 
equilibrium α phase precipitates and their ability to inhibit dislocation glide. This is in keeping 
with classical precipitation hardening theory; fine, hard particles within the microstructure 
result in greater resistance to dislocation slip and therefore have a higher hardening effect. More 
effective hardening is possible at lower ageing temperatures due to finer, more dense particles 
approaching the critical dispersions required for maximum strength. In the case of the 300°C 
samples, the microstructure is composed of a uniform, fine dispersion of α phase particles 
within the β matrix after 24hrs. This results in increasing hardness values up to a maximum of 
405Hv at 9days with no plateau or over-ageing phenomenon observed. It was hypothesised 
from theory that an intermediate phase, ω or β’, may have formed first due to insufficient 
thermal energy to directly decompose the β phase to equilibrium α. This lack of thermal energy 
– the rate of precipitation is dependent on the diffusion of solute elements – resulted in an 
incubation period of 8 hours. The hardness values increased by less than 10% during this period, 
which is within the bounds of identified uncertainty.  
 
In comparison to the 300°C case, the 450°C aged samples experience a much more dramatic 
increase in hardness with an incubation period of 60mins. After 90mins, where large 
Widmanstatten star precipitates are observed, fine particles of the equilibrium α phase nucleate 
within the centre of the grains and grow rapidly in volume fraction as they progress towards the 
200
250
300
350
400
450
500
0 2 4 6 8 10
A
ve
ra
ge
 M
ic
ro
h
ar
d
n
es
s 
(H
V
)
Time (hrs)
Plot of Ageing Time Against Microhardness (HV)
450
300
  Characterising the Microstructure and Properties of β-21S Titanium Alloy During Ageing | 31  
grain boundaries.  As a result, a hardness value of 462Hv is achieved after only 8hrs. After this 
point, the alloy’s hardness begins to plateau as the α precipitates reach a critical dispersion and 
size. These precipitates have a lenticular structure and coarsen over time as larger particles grow 
preferentially to smaller ones. Over-ageing is observed after 9days, whereby the hardness value 
drops from a maximum 491Hv to 462Hv. This is again related to precipitation hardening theory 
with coarsening of the α phase ensuring that some particles can no longer be cut by dislocations, 
which instead bypass the precipitates.      
 
4.3 Characterisation of Mechanical Properties 
 
For titanium alloy β-21S, the mechanical properties are directly dependent on such factors as 
the morphology, volume fraction, size and distribution of the α phase in the β matrix, following 
formation during isothermal ageing below the β transus temperature. In particular, the fine, hard 
equilibrium α precipitates provide resistance to dislocation glide which increases the material 
yield strength and hardness. There is a linear relationship between these two properties, as 
described by equation 2.3 which approximates the yield stress as 1/3 of the material hardness 
(Hv), which has been validated by several similar studies such as that by Wang et al. (2012) 
who characterised the mechanical properties of β titanium alloy 6554.    
 
In the 300°C samples, a peak hardness value of 405Hv (σy ≈1215MPa) is obtained after an 
ageing time of 9days. This is related to the microstructure which exhibits a uniform, fine 
dispersion of α precipitates within the β matrix. The growth of this phase is relatively slow due 
to insufficient thermal activation energy, meaning small atomic mobility and diffusion rate. 
There is an incubation period of up to 8hrs characterised by low hardness and strength. Given 
the minimal thermal energy for direct decomposition of the β phase to equilibrium α, it is likely 
that an intermediate phase, ω or β’, may have formed first. This mechanism results in more 
dense particles approaching the critical dispersions required for maximum strength, as 
evidenced in the 72hr and 9day ageing trials. As plateauing of the hardness was not observed, 
it is likely that longer ageing times will result in further increases in strength. However, 
precipitate density may be limiting. 
 
There is a much greater increase in the alloy strength during isothermal ageing at 450°C, with 
a peak hardness of 491Hv (σy ≈1473MPa) obtained after 72 hours. Rapid increases in strength 
are obtained after 90mins as fine α particles nucleate within the centre of the grains and progress 
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towards the grain boundaries. After ageing for 8hrs, characterised by lenticular α precipitates, 
the strength begins to plateau towards a peak value at 72hrs. Over-ageing is observed after this 
point as coarsening of the α phase occurs, ensuring that some particles can no longer be cut by 
dislocations, which instead bypass the precipitates.      
 
The ductility of the alloy, or the degree of plastic deformation prior to fracture, is intrinsically 
linked to the hardness and yield strength due to the ability of the microstructure to resist 
dislocation slip. The fine α precipitates observed in the centre of the grains under both ageing 
conditions are expected to impede slip or plastic deformation and lead to a more brittle failure 
mode. Equally, a precipitate free zone adjacent to the grain boundaries was observed and is also 
expected to have a significant effect of the alloy ductility. Luterjing and Williams (2007) 
examined the mechanical properties of β titanium alloy 6246 and observed that localised 
increases in dislocation slip length in these ‘soft’ regions lead to a substantial pile-up of 
dislocations and subsequent crack nucleation.  
 
Another important observation of the microstructure of the 450°C aged alloy was the presence 
of coarser and more widely dispersed precipitates in the vicinity of the grain boundaries. This 
is also hypothesised to lead to local increases in available slip length, therefore causing micro-
crack formation. This phenomenon was noted by Shi et al. (2015) for a TC21 titanium alloy 
during tensile testing. The authors also observed that fine α precipitates can be cut by a 
dislocation along a crystal plane, allowing collective slip and therefore coplanar slip, which 
also causes micro-crack formation. This is a potential mechanism of fracture for the alloy under 
both ageing conditions.  
 
4.3.1 Implications of Mechanical Properties for In-Service Behaviour 
 
Although addressing the suitability of β-21S for any specific industry application(s) is outside 
of the scope of the project, it is important to speak to the research motivation of characterising 
the microstructure and mechanical properties for the purpose of describing in-service 
behaviour. Significant increases in the hardness and strength of the alloy at service temperatures 
of both 300 and 450°C are proportional to a decrease in the ductility with the potential for brittle 
failure. This is in part due to the formation of fine α precipitates within the grains which impede 
dislocation slip and therefore plastic deformation. A critical hardness and/or strength was 
observed at 72hours in the case of the 450°C trial whilst no over-ageing was noted at 350°C. It 
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is plausible that the strength of the alloy could increase with further ageing. The presence of 
precipitate free zones at the grain boundaries may result in localised increases in dislocation 
slip length in these ‘soft’ regions, resulting in dislocation-pile up and crack nucleation. This 
mechanism is also expected to have an effect on the 450°C aged samples due to the presence 
of coarser and more widely dispersed precipitates in this vicinity which can enlarge slip length.   
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Chapter 5 
 
Conclusions and Recommendations 
 
5.1 Statement on Achievement of Aim 
 
This section begins with a restatement of the overall aim or objective of the thesis; “The aim of 
this body of work is to investigate the changes in microstructure and mechanical properties 
during thermal ageing of solution treated β-21S titanium alloy.” Using optical microscopy and 
SEM techniques, the changes in microstructure were characterised across discrete time periods 
of up to 9days and for isothermal ageing temperatures of 300 and 450°C. The effects of such 
microstructural changes were quantified through the use of microhardness testing, with 
experimental data expected to exhibit a close relationship to the alloy’s yield strength and 
ductility. This enabled potential modes of in-service failure, including the likelihood of 
embrittlement and cracking, to be hypothesised. 
 
5.2 Summary of Research Outcomes 
 
Isothermal ageing at 300°C of titanium β-21S resulted in a fine, uniform dispersion of α 
precipitates within the β matrix after an ageing time of 9days. This corresponded to a peak 
hardness value of 405Hv (σy ≈1215MPa). This is in keeping with precipitation hardening 
theory; fine, hard particles of equilibrium α within the matrix provide resistance to dislocation 
glide and plastic deformation. The growth of the equilibrium α phase is relatively slow due to 
insufficient thermal activation energy, meaning small atomic mobility and diffusion rate. An 
incubation period of up to 8hrs is characterised by low hardness. It is hypothesised, due to 
insufficient thermal energy for direct decomposition of the β phase to equilibrium α, that an 
intermediate phase, ω or β’, may have first formed. These nano-sized transitional phase 
precipitates serve as precursors for the nucleation of α platelets, therefore resulting in a denser 
aggregate of particles which approach the critical dispersions required for maximum strength.  
 
In comparison, the 450°C aged samples exhibited a rapid increase in hardness after only 
60mins, with a peak value of 491Hv (σy ≈1473MPa) obtained at 72hours. After 4hrs, a 
Widmanstatten star-shaped morphology or clustering of fine α plates was observed throughout 
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the matrix as well as at the grain boundaries. Fine dispersions of α nucleated within the centre 
of the grains with growth towards the grain boundaries as the volume fraction increases. It is 
unsure whether the formation of this phase is due to direct precipitation of equilibrium α, 
nucleation as an extension of a transitional phase, decomposition of the Widmanstatten star 
morphology or a combination of each. The precipitates exhibit a lenticular structure after 8hrs 
and are observed to coarsen over time as larger particles grow preferentially to smaller ones. 
This results in over-ageing after 9days as some particles can no longer be cut by dislocations, 
which instead bypass the precipitates.    
 
The fine dispersions of equilibrium α observed under both ageing conditions, particularly after 
4hrs at 450°C and 24hrs at 300°C, are expected to impede dislocation slip or plastic deformation 
such that high strength at the expense of ductility will result. This is evidenced by the 
microhardness results. At both temperatures, a precipitate free zone adjacent to the grain 
boundary was observed and has been shown in previous studies to result in micro-cracking 
under load as increases in dislocation slip length in these ‘soft’ regions lead to a substantial 
pile-up of dislocations. This is also a plausible mode of failure during ageing at 450°C as coarser 
and more widely dispersed precipitates in the vicinity of the grain boundaries increase 
dislocation slip length. 
 
5.3 Discussion of Experimental Uncertainty 
 
A number of factors were seen to limit the efficacy of the investigation and/or contribute to the 
propagation of experimental uncertainty. These include: 
 
 Work hardening at the sample surface due to the shear stress imposed by the 
guillotine. This may have resulted in twinning and was not completely removed 
during grinding and polishing. 
 Slight changes in the bounds of measurement during microhardness testing which are 
known to produce widely different results. A maximum standard deviation of 48Hv 
(11% uncertainty) was noted, suggesting fairly good consistency.    
 Retention of micro-sized droplets of OP-S suspension, particularly at lower ageing 
times, reducing the clarity of microscopy images. The same was true for staining at the 
metal/mould interface.   
 Level of characterisation of optical microscope and SEM techniques. 
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 Approximations of such mechanical properties as yield strength, ultimate tensile 
strength and ductility from microhardness results and microstructural features. 
 
5.4 Recommendations for Continuation, Improvement and Publication 
 
It is anticipated that the current body of work will result in publication in the near future. In 
particular, Dr. Michael Bermingham has been working with two additional students to gather 
microscopy and microhardness data for ageing temperatures of 350, 400, 500 and 550°C. 
Collectively, this data will be used to construct a journal publication describing the low 
temperature ageing response of the metastable β titanium alloy Ti-15 Mo-3 Nb-3 Al- 0.2 Si. A 
sketch-up of such a publication is provided in appendix B. This body of work lends itself to 
being published as there exists little to no knowledge in the public domain regarding the 
metallurgical stability or ageing response of the β-21S alloy over such a temperature range.  
 
Despite expected publication, a number of recommendations for continuation and improvement 
of the current body of work have been identified. Firstly, it is suggested that a higher level 
characterisation technique such as transmission electron microscopy (TEM) or x-ray powder 
diffraction (XRD) be used to investigate the formation of the intermediate phase precipitates ω 
and/or β’. It would also be of benefit to better understand the nucleation process of the 
Widmanstatten star and triangular precipitates observed during ageing at 450°C. Another 
beneficial addition to the research would be the use of tensile testing to directly measure such 
properties as the yield strength, ultimate tensile strength and degree of plastic deformation prior 
to failure. These properties were inferred from microhardness results, which is common practice 
and justifiable, but not ideal. 
 
In conjunction with the tensile testing, future work could investigate the likelihood and/or 
mechanism of crack nucleation in the precipitate free zones adjacent to the grain boundaries, 
which has previously been shown to result due to increases in dislocation slip length leading to 
pile-up. Other mechanisms causing micro-crack formation, including coplanar slip due to the 
cutting of fine α precipitates and increases in dislocation slip length where coarse and widely 
dispersed particles persist, should similarly be investigated.  
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Appendix 
 
A - Raw Microhardness Data 
 
Table A.1: Raw Microhardness Data  
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B - Outline of Journal Publication 
 
It is anticipated that the current body of work will result in publication in the near future. Dr. 
Michael Bermingham has been working with two additional students to gather microscopy and 
microhardness data for ageing temperatures of 350, 400, 500 and 550°C. Collectively, this data 
will be used to construct a journal publication describing the low temperature ageing response 
of the metastable β titanium alloy Ti-15 Mo-3 Nb-3 Al- 0.2 Si. This body of work lends itself 
to being published as there exists little to no knowledge in the public domain regarding the 
metallurgical stability or ageing response of the β-21S alloy over such a temperature range. 
Collaboration with Dr. Damon Kent is expected in order to finalise the publication, which is 
presented in a draft form below.  
 
Characterising the Microstructure and Mechanical Properties of a Ti-
15Mo-3Nb-3Al-0.2Si Alloy During Low Temperature Ageing 
 
M. Berminghama, D. Kentb, P. Hagana, P. Chestersa, M. Campbella  
 
School of Mechanical and Mining Engineering, The University of Queensland, Brisbane, QLD 4072, Australia 
 
1. Introduction 
 
 
Titanium β-21S or Timetal 21S is a metastable 
β alloy with designation Ti-15 Mo-3 Nb-3 Al- 
0.2 Si and is designed for high temperature 
applications, such as in aircraft engine exhaust 
plug and nozzle assemblies, due to its improved 
oxidation and creep resistance. The addition of 
alloying elements Nb, Al and Si to the Ti-Mo 
system are specifically targeted at improving 
oxidation resistance [1]. Currently, there exists 
little to no knowledge in the public domain 
regarding the metallurgical stability or ageing 
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ABSTRACT 
 
The changes in the microstructure and mechanical properties of an aerospace β-21S 
titanium alloy (Ti-15 Mo-3 Nb-3 Al- 0.2 Si) have been studied during low temperature 
thermal ageing (300-550°C). The development of the morphologies of α phase 
precipitates was observed to vary significantly across isothermal ageing temperatures and 
times. Ageing of the alloy between 400 and 450°C resulted in fine dispersions of α 
nucleated within the centre of the grains which rapidly grow towards the grain boundaries 
over time. This corresponded to the greatest age hardening response after 72hrs (491Hv). 
At 300°C, growth of the equilibrium α phase is relatively slow due to insufficient thermal 
activation energy, meaning small atomic mobility and diffusion rate. It is hypothesised 
that an intermediate phase, ω or β’, may have first formed. The degree of strengthening 
declined at greater ageing temperatures due to coarsening of the precipitate morphologies 
(maximum 385Hv).    
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response of this alloy over typical operating 
temperatures of 200-600°C.   
In metastable β titanium alloys, several 
phase transformations can take place with each 
influenced by the alloy composition and ageing 
temperature. An equilibrium alpha phase forms 
during isothermal ageing below the β transus 
temperature as well as during slow cooling 
from the β field [2]. The direct decomposition 
of the β phase to equilibrium α is observed only 
at sufficiently large temperatures due to the 
difficulty of nucleating HCP α phase from the 
BCC β matrix. Consequently, intermediate 
decomposition products or transitional phases 
are often formed. 
An ω phase may form during quenching 
(athermal ω) or during low temperature ageing 
(isothermal ω) [3]. The morphology of this 
phase is heavily dependent on the misfit 
between the precipitate and BCC structure of 
the matrix. In low misfit alloys, an ellipsoidal ω 
phase persists whilst in high misfit alloys a 
cuboidal phase is formed. It was also found that 
in alloys with β stabilising elements, a β’ 
transitional phase is formed. This is due to the 
separation of the BCC phase into two BCC 
phases of different compositions in these alloys 
[4]. If silicon is an alloying element, silicides 
may also be found. Low temperature ageing can 
therefore be said to result in the following two 
phase transformations, depending on ageing 
time and temperatures [3, 5]: 
(3) 𝛽 → 𝛽 +  𝜔 → 𝛽 + 𝜔 + 𝛼 → 𝛽 + 𝛼 
(Solute lean, metastable β Ti-alloys) 
(4) 𝛽 → 𝛽 +  𝛽′ → 𝛽 + 𝛽′ + 𝛼 → 𝛽 + 𝛼 
(Solute rich, metastable β Ti-alloys) 
Microhardness testing was seen as a viable 
technique by which to efficiently ascertain the 
ageing behaviour of the alloy across several 
temperature and time combinations. As the 
alloy hardness is fundamentally related to the 
precipitation hardening response, it can 
therefore be used to estimate the strength. 
 
 
 
2. Experimental Methods 
 
A Ti-15 Mo-3 Nb-3 Al- 0.2 Si (% by mass) 
β-titanium alloy was received as a wrought 
sheet from which small samples (approximately 
5x10x1mm) were cut. Isothermal ageing of the 
samples at both a specified furnace temperature 
of 300°C and 450°C was conducted for varying 
time periods (0, 0.25, 0.5, 1, 1.5, 4, 8, 24, 72 and 
216 hours). Three samples were obtained for 
each temperature and time permutation. This 
was followed by air cooling to room 
temperature. Each group of samples was 
mounted in Bakelite resin. The Vickers 
microhardness of the samples was tested after a 
standard metallographic process of mechanical 
grinding and polishing. Five data points on each 
sample, amounting to fifteen for the specified 
temperature and ageing time, were obtained. 
The microstructural development of the alloy 
was examined by means of optical microscopy 
and scanning electron microscopy (SEM) 
following etching in Kroll’s reagent. 
 
3. Discussion of Experimental Results 
 
Preliminary microhardness results collated 
from all of Dr. Michael Bermingham’s students 
show the ageing response of titanium alloy β-
21S at discrete temperature intervals of 50°C 
from 300 to 550°C (figure 3.1). At the lower 
ageing temperatures of 300 and 350°C, there is 
a significant incubation period before rapid 
increases in the hardness. This is related to the 
nucleation and growth of the equilibrium α 
phase, which is relatively slow due to 
insufficient thermal activation energy meaning 
small atomic mobility and diffusion rate. It is 
hypothesised that an intermediate phase, ω or 
β’, may have first formed. These nano-sized 
transitional phase precipitates serve as 
precursors for the nucleation of α platelets 
where there is insufficient thermal energy for 
direct decomposition of the β phase to 
equilibrium α. 
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Figure B.1: Age-Hardening Response of β-21S Titanium Alloy over 9day Period 
 
As the isothermal ageing temperature 
increases to 400 and 450°C, there is a much 
more severe increase in hardness which occurs 
at shorter ageing times. A peak in the hardness 
of approximately 450-500Hv occurs around 
72hrs to 9days and is characterised by 
plateauing and then over-ageing as larger 
particles grow preferentially to smaller ones and 
can no longer be cut by dislocations. At ageing 
temperatures of 500 and 550°C, the peak 
hardness drops away significantly. One 
explanation is that the β phase had decomposed 
directly to equilibrium α, potentially forming 
coarse Widmanstatten plates which have only a 
moderate resistance to dislocation glide. The 
temperature is above that at which precipitation 
of the intermediate phase particles can occur. 
These nano-sized particles result in a denser 
aggregate of α precipitates which approach the 
critical dispersions required for maximum 
strength. Direct decomposition of β to 
equilibrium α is therefore likely to result in the 
nucleation of α particles as side plates at α/β 
interfaces. Although there is a greater diffusion 
rate at these temperatures, this at the expense of 
the potential volume free energy change.   
The thickness of grain boundary α 
increased with ageing time and has been shown 
in previous studies to result in micro-cracking 
under load as increases in dislocation slip length 
in these ‘soft’ regions lead to a substantial pile-
up of dislocations.  
 
4. Summary 
 
This study investigated the changes in the 
microstructure and mechanical properties of an 
aerospace β-21S titanium alloy (Ti-15 Mo-3 
Nb-3 Al- 0.2 Si) during low temperature 
thermal ageing (300-550°C). The development 
of the morphologies of α phase precipitates was 
observed to vary significantly across isothermal 
ageing temperatures and times. Isothermal 
ageing between 300°C and 350°C of titanium β-
21S resulted in a fine, uniform dispersion of α 
precipitates within the β matrix after an ageing 
time of 9days. This corresponded to a peak 
hardness value of 405Hv (σy ≈1215MPa). This 
is in keeping with precipitation hardening 
theory; fine, hard particles of equilibrium α 
within the matrix provide resistance to 
dislocation glide and plastic deformation. The 
growth of the equilibrium α phase is relatively 
slow due to insufficient thermal activation 
energy, meaning small atomic mobility and 
diffusion rate. An incubation period of up to 
8hrs is characterised by low hardness. It is 
hypothesised, due to insufficient thermal energy 
200
250
300
350
400
450
500
0.1 1 10 100
A
ve
ra
ge
 M
ic
ro
h
ar
d
n
es
s 
(H
V
)
Log of Ageing Time (hrs)
Plot of Ageing Time Against Microhardness (HV)
450
300
350
400
500
550
  Characterising the Microstructure and Properties of β-21S Titanium Alloy During Ageing | 44  
for direct decomposition of the β phase to 
equilibrium α, that an intermediate phase, ω or 
β’, may have first formed.  
In comparison, the 440 and 450°C aged 
samples exhibited a rapid increase in hardness 
after only 60mins, with a peak value of 491Hv 
(σy ≈1473MPa) obtained at 72hours. Fine 
dispersions of α nucleated within the centre of 
the grains with growth towards the grain 
boundaries as the volume fraction increases. 
The precipitates exhibit a lenticular structure 
after 8hrs and are observed to coarsen over time 
as larger particles grow preferentially to smaller 
ones. This results in over-ageing after 9days as 
some particles can no longer be cut by 
dislocations, which instead bypass the 
precipitates. The degree of strengthening 
declined at greater ageing temperatures of 500 
and 550°C due to coarsening of the precipitate 
morphologies (maximum 385Hv).    
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